Watermelon is an important and economical horticultural crop in China, where~20% of the plants are grafted. The development of grafted watermelon fruit involves a diverse range of gene interactions that results in dynamic changes in fruit. However, the molecular mechanisms underlying grafting-induced fruit quality change are unclear. In the present study, we measured the lycopene content by high-performance liquid chromatography and used RNA-Seq (quantification) to perform a genome-wide transcript analysis of fruits from watermelon grafted onto pumpkin rootstock (pumpkingrafted watermelon, PGW), self-grafted watermelon (SGW), and non-grafted watermelon (NGW). The results showed variation in the lycopene content in the flesh of PGW fruits, first increasing and then decreasing in the four stages, which was different from the trend in the flesh of NGW and SGW fruits. The transcriptome profiling data provided new information on the grafting-induced gene regulation of lycopene biosynthesis during fruit growth and development. The expression levels of 33 genes from 8 gene families (GGPS, PSY, PDS, ZDS, CRTISO, LCYb, LCYe, and CHY) related to lycopene biosynthesis, which play critical roles in fruit coloration and contribute significantly to fruit phytonutrient values, were monitored during the four periods of fruit development in watermelon. Compared with those of NGW and SGW, 14 genes were differentially expressed in PGW during fruit development, suggesting that these genes possibly help to mediate lycopene biosynthesis in grafted watermelon fruit. Our work provides some novel insights into grafting-responsive carotenoid metabolism and its potential roles during PGW fruit development and ripening.
Introduction
Watermelon [Citrullus lanatus (Thunb.) Matsum. & Nakai var. lanatus], a member of the Cucurbitaceae family, is one of the most economically important horticulture crops worldwide, known for its nutritious and juicy flesh [1] . Three-fourths of the watermelon production worldwide occurs in Asia, and China has the largest watermelon production with 73.2 million tons in 2013, accounting for 67% oflycopene [17] . Red-flesh watermelon contains two carotenoids, lycopene and β-carotene, and lycopene is dominant [18] .
The lycopene biosynthesis pathway has been extensively studied in higher plants, including apple (Malus domestica) [19] , carrot (Daucus carota L.) [20] , tomato (Solanum lycopersicum L.) [21] , and watermelon (C. lanatus) [22, 23] . Two classes of genes participate in the lycopene biosynthesis pathway: synthesis genes and degradation genes. Synthesis genes encode enzymes that directly catalyze reaction steps leading to the formation of lycopene, such as phytoene synthase (PSY), phytoene desaturase (PDS), ξ-carotene desaturase (ZDS), and carotenoid isomerase (CRTISO) genes. Degradation genes that participate in lycopene biosynthesis have been identified in watermelon, such as the lycopene β-cyclase (LCYb), β-carotene hydroxylase (CHYb), and zeaxanthin epoxidase (ZEP) genes [24] [25] [26] [27] [28] [29] [30] . At present, the entire genome sequence of watermelon has been completed, which provides an excellent foundation for the study of the key enzyme-encoding genes involved in lycopene biosynthesis [1] .
In recent years, based on the wide application of grafting technology in watermelon, an increasing number of researchers have investigated the influence of this technology on the quality of grafted watermelon. Because lycopene is an important index of watermelon fruit quality, many researchers have studied the effect of grafting on watermelon lycopene content. Lycopene content is affected by rootstock-scion interactions and may increase, decrease, or not change in response to grafting [23, [31] [32] [33] . However, the effect of grafting on the expression of genes related to lycopene biosynthesis during watermelon fruit development remains unclear.
In this study, DGE profiles based on Illumina RNA-Seq quantification technology were applied to investigate the different gene expression patterns in fruit flesh at four development and ripening stages of watermelon grafted onto pumpkin rootstock. These annotated transcriptome sequences and gene expression levels determined using high-throughput sequencing and real-time quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR) provide useful information on grafting-regulated genes involved in lycopene biosynthesis during fruit development and maturation in watermelon fruit.
Materials and Methods

Experimental materials and morphologic trait measurement
Watermelon 'WM022' [C. lanatus (Thunb.) Matsum. & Nakai var. lanatus], a high-generation inbred line, served as a scion grafted onto the pumpkin rootstock 'Jingxin rootstock No.4' (PGW) and was grown in the greenhouse of Institute of Vegetable Crops, Jiangsu Academy of Agricultural Sciences (Nanjing, China). Watermelon plants that were grafted onto watermelon (SGW) and watermelon plants that were not grafted (NGW) were used as the controls. The grafting method was top insertion grafting. When the watermelon plants entered florescence, the flowers were artificially pollinated, and the date was recorded. The fruits from NGW, SGW, and PGW were collected 10, 18, 26, and 34 days after pollination (DAP), representing four developmental stages. The fruits at the same stage that were similar in size and appearance were selected. Pulp tissue samples were mixed from five points of the watermelon longitudinal profile, frozen in liquid nitrogen and stored at -80°C. The fruit pulp firmness of watermelon was determined using a pressure gauge (FT327; Breuzzi, Rome, Italy). The soluble solid content (SSC) of the fruits was measured using an electronic test instrument (Digital Refractometer PR-1; Atago, Tokyo, Japan). Each treatment was repeated three times, and each biological replicate included five fruits.
RNA extraction and quality analysis
The total RNA was extracted from fruit flesh tissue samples using RNAiso Plus (Takara, Dalian, China) according to the manufacturer's instructions. The RNA concentration and quality were evaluated using RNA Pico Chips in an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, USA). Only RNAs with an OD 260 :OD 280 ratio of >1.80 and no discernable degradation were used for sequencing. The RNA samples were preserved at −80°C until use to prevent degradation.
Library preparation
The total RNA samples were first treated with DNase I to degrade any possible contaminating DNA. Then, the mRNA was enriched using oligo(dT) magnetic beads and fragmented into short fragments of~200 bp. These fragmented mRNAs were then used as templates for cDNA synthesis. The cDNAs were used to amplify those genes involved in lycopene biosynthesis in watermelon. During the QC step, an Agilent 2100 Bioanalyzer and ABI StepOnePlus Real-Time PCR System (ABI, Waltham, USA) were used to qualify and quantify the sample library. The library products were ready for sequencing via the Illumina HiSeq 2000 platform (Illumina, San Diego, USA).
Sequencing and read mapping
A total of 36 libraries derived from fruit flesh at 10, 18, 26, and 34 DAP were constructed and sequenced with RNA-Seq quantification. The raw reads were transferred into sequences by base calling, and low-quality reads and/or adaptor sequences were eliminated before further analysis [34, 35] . Clean reads were mapped to watermelon reference gene sequences (http://www.icugi.org/cgi-bin/ICuGI/index.cgi) [1] using SOAPaligner/SOAP2 [36] .
Gene expression analysis
Gene expression was measured by read counts that were normalized to the total number of uniquely mapped reads and by the gene length as calculated using the RPKM (reads per kilobase per million reads) method [37] . The statistical significance of the differential expression of each gene was determined using the NOIseq method [38] . A probability of ≥0.8 and an absolute value of log 2 ratio ≥1 were used as the threshold by which to judge the significance of differential expression genes (DEGs).
Lycopene extraction and high-performance liquid chromatography analysis
Frozen flesh samples from each fruit stage were rapidly ground to a fine juice using a Bio-Gen PRO200 homogenizer (PRO Scientific, Oxford, USA) in centrifuge tubes. Lycopene was extracted and analyzed as described by Yuan et al. [39] . Lycopene was analyzed using a high-performance liquid chromatography (HPLC) instrument (Waters, Milford, USA) with a Waters PDA detector 2535 and Agilent LCZORBAXSB-C18 column (250 × 4.6 mm, 5 μm; Agilent). Lycopene was detected at 472 nm. Standard curves were constructed using lycopene authentic standard (Sigma, St Louis, USA) and used to quantify the samples. The lycopene content was measured as μg/g of fresh weight (FW).
Validation of RNA-Seq data
To validate the DEGs revealed by RNA-Seq, eight lycopene biosynthesis-related DEGs were chosen for qRT-PCR validation using NGW and PGW samples ( Table 1 ). The primers were designed using Primer Premier 5.0 software for qRT-PCR, and they are listed in Table 1 ; the ClCAC gene served as a reference control [40] . qRT-PCR was performed on the ABI StepOnePlus Real-Time PCR System according to the manufacturer's instructions. The real-time PCR conditions were as follows: 95°C for 3 min, followed by 40 cycles of 95°C for 10 s and 58°C for 30 s. A melting curve analysis was then carried out at 60°C. There were three replicates for each amplification experiment with independent RNA samples. Relative quantification analyses were performed using the comparative CT method, and relative gene expression levels were calculated using the 2 −ΔΔCT method [41] .
Results
Morphological observation of grafted watermelon fruit at different development stages
In this study, the scion was watermelon cultivar 'WM022', a typical East Asian cultivar with a moderate size, subcircular shape, thin skin, and green rinds with light red flesh. There were four crucial stages of fruit development: immature white flesh (10 DAP), white-pink flesh (18 DAP), red flesh (26 DAP), and overripe (34 DAP). During the four stages of watermelon fruit development, the fruits of NGW, SGW, and PGW dramatically changed in morphology, such as size, weight, and fruit flesh color, as shown in Fig. 1A -C.
In the aspects of vertical diameter and transverse diameter, the fruits of PGW were not significantly different from those of NGW and SGW ( Fig. 2A,B) , especially at the mature stage when the fruit shape index of PGW was the same as that of NGW and SGW, at an index of approximately 1. The SSC at the center of the SGW fruits was slightly higher than that of the NGW and PGW fruits in every period. The SSC at the center of the NGW and PGW fruits was almost the same during first three fruit developmental periods, but at 34 DAP, the SSC at the center of the NGW fruits was higher than that of the PGW fruits (Fig. 3A) . The SSC at the edge of the PGW fruits was the highest at 10 DAP and 26 DAP, and that of the NGW fruits was the highest at 18 DAP; however, at 34 DAP, the SSC at the edge of the PGW fruits was as high as that of the NGW and SGW fruits (Fig. 3B) . The fruit weights of NGW, SGW, and PGW were not significantly different during these four periods, and at maturity, the fruit of NGW was as heavy as that of SGW, whereas the fruit of PGW was slightly lighter than that of the two controls (Fig. 4A) . The fruit pulp firmness of NGW, SGW, and PGW was determined in watermelon fruit during different development periods (10, 18, 26, and 34 DAP). As shown in Fig. 4B , the watermelon fruit pulp firmness of NGW, SGW, and PGW was the same during different development periods; the pattern was that the fruit pulp was firmer at the early stage (10 DAP) but softened with the development and maturity of the fruit and was softest during the overripe period (34 DAP). At every point in the fruit development period, either in the early development or at fruit maturation, the fruits of PGW were firmer than those of NGW and SGW (10, 18, 26 , and 34 DAP). The fruits of NGW were slightly firmer than those of SGW at the early stage and mature stages but softer than those of SGW in the middle of fruit development (18 and 26 DAP) (Fig. 4B) .
Lycopene content in grafted watermelon at different developmental stages
To understand the dynamic changes in the lycopene content during grafted watermelon growth, HPLC was used to analyze the watermelon fruit during four different development periods in NGW, SGW, and PGW. In this study, we confirmed that the major carotenoids in red-flesh watermelon were lycopene and β-carotene; the β-carotene content was extremely low and the lycopene was dominant in the fruit flesh (Fig. 5) . As shown in Fig. 5A , the β-carotene content in NGW, SGW, and PGW was increased during fruit development and peaked at the mature stage 34 DAP, with this value ranked SGW > NGW > PGW. The lycopene content in the flesh of NGW and SGW fruits was increased significantly and continuously throughout fruit development and maturation; with the highest lycopene content of about 35 μg/g FW (Fig. 5B) . This watermelon cultivar accumulated lycopene in its flesh more efficiently during the latter two stages (26 and 34 DAP) than during the previous two stages (10 and 18 DAP). Nevertheless, the lycopene content in the flesh of PGW fruits first increased and then decreased in the four stages. It peaked at 26 DAP with 27 μg/g FW and then decreased slightly until the mature period at 34 DAP with 24 μg/g FW.
Digital expression analysis of the genes involved in lycopene biosynthesis in grafted watermelon
To explore the genes and gene networks that play regulatory roles in lycopene biosynthesis in grafted watermelon, transcriptome and expression profile analyses were performed in watermelon grafted onto the pumpkin rootstock 'Jingxin rootstock No. 4'. Approximately 12 million clean reads were obtained from each cDNA library, of which nearly 80% were mapped to the reference genome, and more than 63% were perfect matches. Compared with NGW and SGW, a total of 759 and 626 DEGs were obtained from PGW, respectively.
Here, the genes encoding the key enzymes for lycopene synthesis in watermelon were analyzed and the lycopene biosynthesis pathways in watermelon were proposed (Fig. 6) . The GGPS, PSY, PDS, ZDS, CRTISO, LCYb, LCYe, and CHY genes encode enzymes involved in the lycopene biosynthesis pathway in watermelon. The full names of these genes, their corresponding accession numbers in GenBank and their gene ID annotated to the sequence of watermelon genome 97103 are listed in Supplementary Table S1 . The expression levels of 33 genes related to lycopene that play a critical role in fruit coloration and contribute significantly to fruit phytonutrient values were measured during the four periods of fruit development.
Watermelon RNA-Seq revealed that only one gene (WMU29546) was associated with GGPS enzyme synthesis, one gene (WMU64670) associated with CRTISO enzyme synthesis, and one gene (WMU14034) associated with CHYe enzyme synthesis. Two genes (WMU38667 and WMU69109) were involved in regulating PSY. Two genes (WMU12893 and WMU42266) were involved in regulating ZDS. Two genes (WMU41454 and WMU66972) were involved in regulating LCYb. Three genes (WMU32086, WMU04959, and WMU08893) were involved in regulating PDS synthesis. A total of 21 genes were involved in regulating CHYb (Supplementary Table S1 ). According to their expression patterns, these 33 DEGs related to lycopene biosynthesis were further classified into four categories (Figs. 7-9 ), i.e. Category I: genes that were highly expressed at each of the four stages; Category II: genes that were highly expressed at the three later stages (18, 26 , and 34 DAP); Category III: genes that were highly expressed at the two later stages (26 and 34 DAP); and Category IV: genes that were lowly expressed at each of the four stages.
A total of 28 genes were expressed consistently in NGW, SGW, and PGW. Six genes (WMU29546, WMU32086, WMU04959, WMU08893, WMU12893, and WMU66972) were classified into Category I, two genes (WMU38667 and WMU79499) were classified into Category II, and 20 genes were classified into Category IV (Figs. 7-9 ). Five genes that were expressed during fruit development were differentially expressed in PGW compared to their expression in NGW and SGW. WMU69109 was classified into Category II in NGW but into Category IV in SGW and PGW; WMU22455 was classified into Category II in NGW and SGW but into Category I in PGW; WMU23214 and WMU71326 were classified into Category III in NGW and SGW but into Category II in PGW; and WMU30436 was classified into Category III in NGW and SGW but into Category II in PGW. In addition, it was also found that the expression trends of 9 of 33 genes were not consistent in NGW, SGW, and PGW during the four developmental stages, including WMU66972, WMU79499, WMU71326, WMU42266, WMU64670, WMU36962, WMU71302, WMU75287, and WMU14036 (Figs. 7-9 ).
Confirmation of differential gene expression by qRT-PCR
To validate the data from our RNA-Seq expression analysis, eight genes (WMU29546, WMU38667, WMU32086, WMU42266, WMU41454, WMU64670, WMU23214, and WMU14034) related to lycopene biosynthesis were selected for qRT-PCR analysis using NGW and PGW samples, and the correlation between RNA-Seq and qRT-PCR was analyzed. Although the exact fold changes of the selected genes at several data points varied between the digital expression and qRT-PCR analyses, the expression trends of these genes detected by the two different approaches were largely consistent. The gene expression levels as measured by RNA-Seq and qRT-PCR were highly correlated (r 2 = 0.61-0.97) ( Supplementary   Table S2 ). Thus, RNA-Seq can be used to reliably and accurately perform mRNA differential expression analysis. . Carotenoid biosynthetic pathway IPPI, isopentenyl diphosphate isomerase; GGPS, geranylgeranyl diphosphate synthase; LCYe, lycopene ε-cyclase; CHYe, ε-carotene hydroxylase; VDE, violaxanthin de-epoxidase; NXS, neoxanthin synthase; NCED, 9-cis-epoxycarotenoid dioxygenase. 
Discussion
In higher plants, the fruit is an important organ that is closely related to economic value. Watermelon, a non-climacteric and economically important fruit crop, has attracted a few researchers to investigate the molecular mechanisms of the development and ripening of its fleshy fruits because watermelon fruit exhibits several unique characteristics [18, 22, 42] . With the rapid increase in the number of areas in which watermelon growth is protected and the serious spread of soil-borne disease, grafting has become an important tool for watermelon production. During the growth of watermelon fruit, many obvious changes take place by grafting, including changes in fruit size, weight, color, nutrient content, aromatic content, lycopene content, etc. [43] , in addition to changes in morphology and structure. These changes are accompanied by complicated physiological and biochemical changes controlled by multiple quantitative trait locus, but limited information is available at the molecular level regarding grafting-regulated lycopene biosynthesis in watermelon fruit development and ripening. In our study, the fruit pulps from four different fruit development periods of NGW, SGW, and PGW were studied. The fruit shape index of the NGW, SGW, and PGW fruits was not significantly different in every period, and during the mature period, the fruit shape did not change. This result indicates that 'Jingxin rootstock No.4' pumpkin rootstock did not significantly change the fruit shape of scion watermelon 'WM022', which is consistent with the results of other studies, in which pumpkin, gourd, and wild watermelon as rootstocks had no significant effect on the watermelon and melon fruit shape index [5, [44] [45] [46] . The central sugar content of SGW was slightly higher than that of NGW and PGW in the four periods; this value in NGW and PGW was almost the same during the first three periods; and this value at 34 DAP in NGW was greater than that in PGW. These results showed that self-grafting increased the fruit SSC, while pumpkin grafting decreased the fruit SSC, similar to other reports [4] [5] [6] . The fruits of NGW, SGW, and PGW were equally heavy during the four periods, and at the mature stage, the fruits of PGW were slightly lighter than those of NGW and SGW, which demonstrates that pumpkin grafting decreased the fruit weight of watermelon, similar to what was reported by Yetisir et al. [45] , but some researchers believe that rootstock grafting would either improve [5, 45, 47] or have no obvious effect [48] on the fruit quality of watermelon. The fruits of PGW were harder than those of NGW and SGW in the four periods, which demonstrated that pumpkin grafting improved watermelon fruit hardness, similar to the results obtained by Yetisir et al. [45] . We found that in red-flesh watermelon, carotenoids mainly include lycopene and β-carotene, but the β-carotene content is extremely low and lycopene is dominant, which is consistent with the results of other studies [18, 22, 49] .
In Kong's report [23] , the lycopene content of PGW in the first two periods (18 DAP and 23 DAP) was significantly different from that of non-grafted watermelon and was not significantly different from that of non-grafted watermelon during the later developmental stages (27 DAP, 30 DAP, and 35 DAP). However, in this study, the lycopene content of PGW fruit flesh was greater than or equal to that of NGW and SGW during the first three development stages and less than that of NGW and SGW during the mature stages. The lycopene content varied significantly in PGW and NGW during the later three stages (18 DAP, 26 DAP, and 34 DAP) but not at 10 DAP (Fig. 5) , which may be the result of rootstock-scion interactions.
The lycopene content progressively increased until the red-flesh stage and then decreased during the fully ripe stage in NGW fruits [23] , which was different from our study. In our study, the variation in the lycopene content in NGW was consistent with that in SGW, which stably increased during fruit development and was consistent with the results of Grassi et al. [22] and Guo et al. [49] . This result may be related to the different watermelon varieties or to the lycopene content decreasing after 34 DAP in NGW. Changes in the lycopene content in PGW gradually increased beginning at the white-pink flesh stage, peaked at the red-flesh stage and then decreased at the fully mature stage, which was consistent with the results of Kong et al. [23] . In addition, compared with NGW, self-grafting watermelon had no effect on the lycopene content, but pumpkin rootstock grafting significantly decreased the lycopene content during the mature stage.
The key enzymes of lycopene synthesis include GGPS, PSY, PDS, ZDS, CRTISO, LCYb, LCYe, and CHY [23] . GGPS is the synthetic precursor for various carotenoids, chlorophyll, gibberellin, phosphate glyceraldehyde, plastoquinone, and other substances, and exists in an enzyme family in plants [50] . PSY, the first key enzyme of the plant carotenoid biosynthetic pathway, is an upstream enzyme of lycopene synthesis that limits biosynthesis speed and affects the expression levels of the involved genes [51] . The other three enzymes, PDS, ZDS, and CRTISO, work together to translate eight-hydrogen-lycopene into all-trans-lycopene that is the main form of lycopene in fruit [52] . LCYb and LCYe are the two key enzymes involved in lycopene decomposition that catalyze lycopene into β-carotene and α-carotene [53] . CHY indirectly regulates lycopene decomposition by translating β-carotene and α-carotene to zeaxanthin and lutein [54] . Kong et al. [23] reported that high expression levels of most lycopene biosynthetic and catabolic genes in the fruits of PGW produced lycopene contents comparable to those of NGW.
RNA-Seq (quantification) does not differ from RNA-Seq in the treatment of the experiment samples, but does differ in the amount of biological information and in relative focus to identify DEGs. RNA-Seq is more suitable for species with large genomes and for reference sequences of relatively poorly sequenced species and species with no reference genome, while RNA-Seq (quantification) is more suitable for species with a relatively clear reference gene, such as watermelon [9] [10] [11] . In this study, we used RNA-Seq (quantification) to analyze the expression of 33 genes encoding 8 key enzymes (GGPS, PSY, PDS, ZDS, CRTISO, LCYb, LCYe, and CHY) involved in lycopene biosynthesis during four consecutive stages of watermelon fruit development in NGW, SGW, and PGW plants. These 33 genes exhibited different expression profiles at different fruit development stages. The expression levels of 28 genes were consistent in NGW, SGW, and PGW, being highly expressed in the four periods, lowly expressed in the four periods, highly expressed in the latter two periods, or highly expressed in the latter three periods, but 9 of 28 genes were not consistent in the expression trends during the four critical developmental stages in NGW, SGW, and PGW, including one ZDS-encoding gene WMU42266, one LCYb-encoding gene WMU66972, one CRTISO-encoding gene WMU64670, five CHYbencoding genes WMU36962, WMU71302, WMU71326, WMU75287, and WMU79499, one CHYe-encoding gene WMU14034. Five genes, including one PSY-encoding gene WMU69109 and four CHYbencoding genes WMU23214, WMU22455, WMU30436, and WMU71326, were differentially expressed in NGW, SGW, and PGW. These DEGs might be the cause of the differences in lycopene synthesis and content.
In addition, eight genes associated with lycopene biosynthesis were selected for qRT-PCR to validate the RNA-Seq data. The results showed that although the expression levels of these genes in NGW and PGW were different, their change trend was basically consistent throughout the development, and the correlation between RNA-Seq and qRT-PCR was high, which confirms the robustness of our digital expression data. Previous studies have memonstrated that the expression of phytoene synthase 1 increases during the early stages and then decreases during the later stages in NGW [30, 43] , which is consistent with our digital expression and qRT-PCR analysis data. This confirmation further validates our RNA-Seq results.
In summary, we used NGW, SGW, and PGW to measure the lycopene content by HPLC and analyze the expression of 33 genes related to lycopene biosynthesis by RNA-Seq. Our results show that the variation in the lycopene content in PGW fruits first increases and then decreases in the four stages, which is different from the trend in NGW and SGW fruits. The expression levels of 33 genes were monitored during the four periods of fruit development in watermelon and 14 DEGs were found in PGW, which might help to elucidate the molecular mechanism of grafting-induced lycopene biosynthesis during watermelon fruit development and maturation. 
